Surface microtopography influences both spatial and temporal distributions of a series of hydrologic processes, including infiltration, surface runoff, and unsaturated flow. Importantly, surface roughness and depressions also affect the fate and transport of pollutants throughout surface and subsurface environments. The objective of this study was to experimentally investigate the effects of surface microtopography on overland flow, infiltration, and tracer (Br) runoff, and leaching into the subsurface system under simulated rainfall. Both rough and smooth surfaces were created by using sieved soil and scanned by an instantaneous-profile laser scanner to acquire high-resolution DEMs of the soil surfaces. A mold surface, featuring with a number of depressions of varied sizes and relationships, was used to create the rough soil surface. The Windows-based puddle delineation (PD) software was applied to characterize surface microtopography, determine flow directions and accumulations, and compute maximum depression storage (MDS) and maximum ponding area (MPA). Two overland flow and tracer transport experiments were conducted using the smooth and rough soil surfaces. Runoff water and soil samples were analyzed for Br. 
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3 dynamic manner associated with the puddle filling, merging, and spilling processes. The major findings concerning the effects of surface microtopography can be summarized as follows: (1) surface topography controls the depth and distribution of surface runoff (Huang and Bradford 1990) ; (2) surface runoff decreases with an increase in soil surface roughness due to water storage in surface depressions (Cogo et al. 1984; Kamphorst et al. 2000) ; (3) surface depressions store water, which subsequently delays the initiation of surface runoff and increases the chance for the ponded water to infiltrate into soil (Darboux et al. 2001; Darboux et al. 2004; Darboux and Huang 2005) ; (4) surface roughness provides surface depression storage for water and alters overland flow directions (Darboux et al. 2001 ); (5) increasing surface roughness tends to decrease flow velocity (Cogo et al. 1984) ; (6) surface microrelief or surface depressions accounts for the retention of runoff water (Abedini et al. 2006) ; and (7) topographic lows or surface depressions result in depression-focused recharge to the underlying groundwater due to enhanced infiltration (Derby and Knighton 2001) . The accumulation of ponded water in surface depressions, thus head, drives infiltration via saturated flow as opposed to unsaturated flow from just a thin film of surface water. Furthermore, overland flow and saturated ponding increase the occurrence of flow through surface connected macropores.
The importance of surface microtopography is often overlooked and the representation of surface depressions and depression storage often is oversimplified in many hydrologic models.
Methods have been developed to estimate surface depression storage either indirectly by surface roughness indices (e.g., Onstad 1984; Mwendera and Feyen 1992; Hansen et al. 1999 ; M a n u s c r i p t
4 commonly used for delineation of land surfaces. A variety of DEM-based delineation methods have been developed (e.g., Marks et al. 1984; O'Callaghan and Mark 1984; Jenson and Domingue 1988; Jenson 1991; Martz and Garbrecht 1993; Garbrecht and Martz 1997; Martz and Garbrecht 1999; ASCE 1999) . Based on these methods, software packages also have been developed to facilitate digital terrain analysis and automated surface delineation. Examples of the commonly used software for DEM-based land surface delineation include ArcHydro (Maidment 2002) , HEC-GeoHMS (USACE 2003 , 2009 , TOPAZ Martz 1995, 2000; Garbrecht et al. 2004) , and PCRaster (Van Deursen and Wesseling 1992; Van Deursen 1995; Wesseling et al. 1996) . In most of these models, filling depressions/sinks is an essential step for terrain processing. That is, the delineated land surface (new DEM) will not reflect the actual microtopographic variations associated with surface depressions. As a result, a "hydrologically corrected, depressionless" DEM (USACE 2000) is created and used for further hydrologic and environmental analyses and modeling. Derby and Knighton (2001) investigated the influence of surface depressions on infiltration and the related tracer transport, and emphasized depression-focused recharge and tracer loading to the subsurface drainage system. Walton et al. (2000) conducted surface runoff and tracer transport experiments and found that soil type and structure played an important role in bromide transport in surface runoff. McGuire et al. (2007) combined tracer experiments and hydrologic modeling to infer water transit time distributions, improve parameter uncertainty, and assess runoff processes. Mugler et al. (2011) conducted overland flow and tracer transport experiments on a plot with a "V" shape and 1% slope, analyzed breakthrough curves of tracer injected at different points and measured at the plot outlet, and evaluated tracer mass recovery and arrival time. They compared and tested four roughness models against the measured local flow M a n u s c r i p t 
Materials and Methods

Overland Flow and Tracer Transport Experiments -Design and Procedures
A laboratory-scale experimental study was conducted to examine the effects of surface microtopography on tracer (bromide Br) transport in surface runoff and distributions along different soil profiles. Specifically, both rough and smooth soil surfaces were created to represent different microtopographic characteristics and two overland flow and tracer transport experiments (Exp 1 and Exp 2) were conducted. Bromide concentrations were determined in runoff water and soil samples and the tracer's distributions in surface and subsurface systems were analyzed.
Soil Box and Soil Packing
The soil box used for the overland flow and tracer transport experiments was 100 cm wide by 120 cm long, with attachable 0.6-cm thick transparent plastic windows and an outlet to collect surface runoff (Fig. 1) . The bottom of the soil box was divided into 30 grids (20 × 20 cm/each) to separate and collect water that percolated through the soil column. In the center of each grid, there was a 5-cm diameter hole that was connected to a funnel for collecting the percolating water ( Fig. 1) . Each hole was covered with a 2-mm screen and the bottom of the soil box was filled with a thin layer of highly permeable sand. The soil box was packed with sandy clay loam soil obtained from West Michigan (51% sand, 22% silt, and 27% clay), which was sifted through a 2-mm screen to remove large aggregates, organic materials, and stones. The processed soil was packed layerwise to achieve uniform soil properties throughout the soil profile. The bulk density of the packed soil was 1.2 g/cm 3 . The smooth soil surface was uniformly inclined with a slope of 10%. The rough soil surface with an average slope of 7.0% was created using a mold surface featuring with a number of different sized depressions and connections. During soil packing, total 20 ECH2O EC-5 soil moisture sensors were installed into the soil and connected to the Em5b data loggers to collect soil moisture data.
Instantaneous-Profile Laser Scanner
After completion of soil packing and surface shaping, the instantaneous-profile laser scanner was used to quantify surface microtopography and generate the corresponding high-resolution DEM data. The scanned smooth and rough soil surfaces used for Exp 1 and Exp 2 are shown in Fig. 2 . The laser scanner was originally developed by the USDA-ARS National Soil Erosion
Research Laboratory in the late 1980s and early 1990s (Huang et al. 1988; Bradford 1990, 1992) . A second-generation instantaneous-profile laser scanner (utilized in this study) was developed and used for runoff and soil erosion studies in 2000s (Darboux and Huang 2003) . The scanner used a triangular principle to measure point coordinates within a profile. Two laser diodes were mounted 40 cm apart on a motorized carriage. Each diode generated a 3.60 mW beam at 635 nm (red), which together generated a 0.5-mm wide line on the soil surface. The line M a n u s c r i p t
was detected by an 8-bit monochrome charge-coupled device (CCD) camera with 1030 rows and 1300 columns (Darboux and Huang 2003) . The camera was connected to a computer for storing and processing the scanned data. The laser scanner used in this study was 4 m long with a computer-run motorized rail. The acquisition speed was one picture every 0.16 seconds. The point coordinates within the CCD camera were converted through the calibration polynomials for the specific camera angle and laser position to spatial points (x, y, z). The laser scanner had a horizontal resolution of 0.98 mm and a vertical resolution of 0.5 mm.
Norton-type Rainfall Simulator
Norton-type rainfall simulators have been widely used to simulate natural rainfall for surface runoff, soil erosion, and other experimental studies (Meyer and Harmon 1979; Meyer 1994) . The
Norton rainfall simulator used in this study was fitted with four VeeJet 80100 nozzles, which released water closely matching natural rainfall in the Midwest of the U.S. The operating pressure of the simulator was 41.37 kPa, which allowed 14.75 L/min of water to flow through each nozzle. Rainfall intensity was determined by the nozzle sweep frequency through a timing circuit. A stand-alone controller provided 10 preset and 2 adjustable intensity controls. The rainfall simulator was designed to operate at a height of 2.44 m above the soil surface.
Experimental Procedures
After scanning, the soil surface was sprayed with 0.5 L solution of 1 M potassium bromide (KBr). Rainfall started after a short time period that allowed Br solution to infiltrate the soil surface. The average rainfall intensity was 4.2 cm/hr and the duration of the experiments was 60 min. For both Exp 1 (smooth surface) and Exp 2 (rough surface), surface runoff was measured at the outlet of the soil box. Tracer samples were simultaneously taken over time and analyzed for Br runoff and loading at the outlet.
The experimental data included soil moisture contents, wetting front depths, percolating water along the soil profile, and discharge at the outlet. Soil moisture data were recorded by the installed sensors at 1-min intervals. No percolating water was observed at the bottom of the soil box in either experiment. Surface runoff was collected in a container at the outlet, and the water levels were continuously recorded by using the Odyssey pressure and temperature recording system at 0.5-min time intervals. The measured outlet flow data were processed and corresponding hydrographs were created. After surface runoff commenced, Br runoff samples were taken every five minutes at the outlet using graduated centrifuge tubes. The volume of water collected for Br analysis was recorded and added to the runoff data recorded by the Odyssey pressure transducer as a correction factor for the aliquot removed during sampling.
Quantification of Surface Microtopography and Introduction to the Puddle Delineation
Software
In this study, surface depressions were delineated by using the Windows-based puddle delineation (PD) software (Chu et al. 2010 ). In the PD program, methods and algorithms were developed and implemented to characterize puddles/depressions and, in particular, deal with complex topographic features such as flats, which involved development of special procedures/approaches for determining flow directions and accumulations. Note that standard flow direction methods were unable to provide flow directions over a flat.
Based on the DEM data from the laser scanner, the PD software was utilized for automated delineation of surfaces, determination of flow directions and accumulations, computation of depression storages and contributing areas, computation of topographic parameters, and visualization of the results. Specifically, the program was capable of identifying the center(s) and threshold(s) of puddles, searching for other contributing cells, computing the maximum depression storage (MDS) and maximum ponding area (MPA) of each puddle and the entire M a n u s c r i p t
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9 surface, and determining the levels and hierarchical relationships of the puddles. The center and threshold of a puddle were respectively defined as the lowest cell surrounded by eight neighboring cells and the pour point, at which water overflowed the puddle. Puddles that shared the same threshold could combine and form a larger puddle. The original and combined puddles were referred to as the first and second level puddles, respectively. If a second level puddle combined with other puddles, a third level puddle was formed. In this way, puddles at different levels could be identified. In addition, the PD program determined flow directions and accumulations, and computed basic topographic parameters, such as slope and aspect.
Tracer Data Analysis
For bromide analysis, soil and runoff water samples were transferred to centrifuge tubes and stored at 4 ºC. Bromide was recovered from the soil by water extraction using a 2:1 water:soil ratio (Parsons et al. 2004 ). Samples were placed on a vortex mixer for 5 min and then allowed to settle. Both runoff and soil bromide samples were centrifuged for 10 min at 3600 rpm. The supernatant then was decanted and filtered with a 0.45 μm membrane filter to remove fine particulates. Samples were stored frozen prior to Br analysis (Larsson and Jarvis 1999) .
Bromide was analyzed on Dionex DX-500 Ion Chromatography system (Small et al. 1975; Larsson and Jarvis 1999; McGuire et al. 2007 ). An eluent of 25 mM sodium hydroxide at a flow rate of 1 mL/min was used for sample analysis. A five-point calibration curve (from 0.5 μg/mL to 20 μg/mL) was used for quantification. The quality control program consisted of duplicate and spiked samples, blanks, and continuing calibration check standards analyzed at a frequency of M a n u s c r i p t
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Results and Discussion
Surface Microtopography and Puddle Delineation
The smooth and rough soil surfaces (Fig. 2) for Exp 1 and Exp 2 were scanned using the laser scanner and high resolution DEMs were generated. The PD software was utilized to delineate the surfaces and characterize surface microtopography. The rough surface had four puddle levels, which included 44 first level puddles. After combination of some puddles, there
were 35 puddles at the fourth level. Based on the delineation results, this rough surface was divided into three mini-basins (Fig. 3) . The largest basin (Basin 1) consisted of 7 major depressions/puddles. Basins 2 and 3 had 5 and 3 major depressions/puddles, respectively. The PD software provided details on the hierarchical relationships of the puddles and their contributing areas, as well as flow directions and accumulations (Fig. 4) . The smooth surface showed a uniform slope and overland flow were concentrated towards the outlet side (the bottom boundary, Fig. 4a ) while the rough soil surface exhibited certain puddle-to-puddle overland flow accumulation patterns (Fig. 4b) .
The PD program provided the MDS and MPA of each individual puddle, as well as the entire surface. As expected, the rougher surface with more large depressions had much greater MDS and MPA than the smoother surface. The MDS and MPA of the rough surface were 1,850 cm 3 and 3,225 cm 2 , respectively while these two parameters only were 3 cm 3 and 113 cm 2 , respectively for the smooth surface (Table 1) .
Effects of Surface Microtopography on Water and Tracer Runoff
The results of water and tracer runoff at the outlet are summarized in Table 2 and comparisons of the corresponding hydrographs and chemographs for the two surfaces are shown in Figs. 5a, and 5b, respectively. Under the condition of Exp 1, the smooth surface appeared to M a n u s c r i p t
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11 have earlier and greater discharge of runoff water and loading of the tracer at the outlet than the rough surface (Fig. 5) . The initiation time of runoff discharge at the outlet was 8 min for the smooth surface and 10 min for the rough surface. A rapid increase and greater cumulative Br loss to surface runoff can be observed in Fig. 5 and Table 2 for the smooth surface. Due to the change in surface microtopography (from smooth to rough), the total surface runoff generated during the 60-min experiment period reduced from 27.43 L for the smooth surface to 23.16 L for the rough surface, representing a 18.43% reduction (Table 2) . Particularly, the increase in surface roughness from the smooth to rough soil surfaces resulted in 37.41% reduction in total Br runoff (i.e., from 54.34 mg to 39.55 mg, Table 2 ). The average Br loading rate at the outlet deceased from 0.92 mg/min for the smooth surface to 0.67 mg/min for the rough surface.
In Exp 1, Br concentration and loading rate reached their peaks (237.47 mg/L and 3.17 mg/min, respectively) at 9 min (Table 2 and Fig. 5b ) on the smooth surface. For the rough surface, however, two Br loading rate peaks (1.70 mg/min and 1.33 mg/min, Table 2 ) were observed ( Fig. 5b) , occurring at 15 min and 36 min, respectively. In addition, the onset of peaks was delayed compared to the smooth surface. The occurrence of the delayed Br loading peaks can be attributed to water retention in the depressions of the rough soil surface. A threshold behavior can be observed in tracer runoff for the rough surface in Exp 2. A sudden increase in the Br level at 36 minutes matched the time when the largest puddle located at point C (Fig. 2) was fully filled (i.e., threshold-controlled overland flow and tracer transport processes). Note that theoretically, Basin 1 (Fig. 3a) of the rough surface started to make contributions of water and Br to the outlet after the ponded water depth in its major puddle at point C reached the overflow threshold. Although the average Br concentration for Exp 2 (1.71 mg/L, Table 2 ) was detected at 10 min in Exp 2 for the rough surface. This peak concentration can be attributed to the low water discharge (0.001 L/min) that primarily came from the area adjacent to the outlet and relatively high mass load before 15 min, which again demonstrates the nature of threshold-controlled overland flow and solute runoff on a rough soil surface.
Effects of Surface Microtopography on Tracer Transport and Distributions in Soil
By the end of the two overland flow and tracer transport experiments (Exp 1 and Exp 2), the soil was cut and the depths of wetting front were measured with an interval of 20 cm along both x and y directions. Fig. 6 shows the spatial distribution of the wetting front depths for the rough soil surface (Fig. 2b) . The wetting front data provided indirect information of the spatial variability in infiltration and unsaturated flow along the soil profile and the corresponding relationships with the surface microtopographic features (e.g., depressions and mounds), which were used to evaluate the influence of surface microtopography on overland flow generation, infiltration, soil water percolation, and tracer leaching. Visual inspection of Fig. 6 indicated that the distribution of the wetting front corresponded with the soil surface topography, where the deepest wetting front was roughly located beneath the major depressions (e.g., point C, Fig. 2b ).
This suggests that more water, hence tracer, infiltrated into the soil under these topographic lows.
To quantify Br levels and distributions in soil, samples were taken from two depths (4 cm and 8 cm) at ten selected locations (A through J) that represented dissimilar microtopographic characteristics for the rough soil surface (five depression points and five peak/ridge points) (Fig.   2 ).
For the smooth surface, a high level of Br can be observed in the shallow soil (depth = 4 cm) ( Fig. 7a and Table 3 ). The average concentration of adsorbed-phase Br in the shallow soil was M a n u s c r i p t
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13 322.96 mg/kg, which was more than four times of the average Br level in deeper soil (71.26 mg/kg at depth = 8 cm) for the ten locations (A -J) (Table 3) . Although the surface was relatively smooth, numerous minor depressions (e.g., local low areas at points C and E, Fig. 2a) were present due to the variation in elevations. Consequently, both water and tracer tended to move towards these low points and areas, which resulted in the nonuniform distributions of Br (Fig. 7a) and localized high Br regions in the shallow soil (e.g., 783.43 mg/kg at E and 660.72 mg/kg at C, Table 3 and Fig. 7a ). The spatial distribution of Br in deeper soil (depth = 8 cm) was relatively uniform over the entire area, except for the higher Br level at C that resulted from increased percolation and Br leaching (Fig. 7b) . Compared to the rough soil surface, the dominant overland flow and tracer movement along the horizontal direction for the smooth surface resulted in the accumulation and retention of Br in the shallow soil.
In contrast, an opposite distribution along the soil profile can be observed for the rough soil surface with various depressions (Figs. 7c and 7d ). That is, the Br concentrations in deeper soil (depth = 8 cm) were higher than those in the shallow soil (depth = 4 cm). The overall average Br concentration at depth of 8 cm for the ten selected locations (A through J) was 245.36 mg/kg, which was 3 -4 times greater than the average Br level at depth of 4 cm (70.5 mg/kg) ( Table 3 ).
This unique distribution can be attributed to the existence of depressions and their significant influence on the flow and transport processes. The depressions on the rough surface enhanced infiltration and Br leaching. More water and tracer were concentrated at the centers of surface depressions and moved vertically into the subsurface system, instead of lateral runoff, which led to significantly high levels of Br in the deep soil (depth = 8 cm). Meanwhile, both water and the tracer moved downslope towards the outlet in both surface and subsurface systems. As a result,
higher Br concentrations were located in deeper and downstream regions. In addition, the M a n u s c r i p t
14 localized percolation and leaching at the centers of puddles (e.g., point C) resulted in very high Br levels in the deep soil (Fig. 7d) .
Several interesting patterns of spatial Br distributions can be observed in the rough soil surface experiment. The spatial distribution of Br in soil followed variations in surface microtopography. Surface depressions and the ponded water increased infiltration in these low
areas. This depression-focused flow transported more solute into deeper soil. Derby and
Knighton (2001) also observed similar depression-focused flow and transport processes. Hence, Br concentrations in the shallow soil (depth = 4 cm) at depressions were lower than those at peaks and ridges (Table 3) . At a depth of 4 cm, the average Br concentration at the five depression locations (A, C, F, H, and I, Fig. 2b ) only was 14.12 mg/kg while the average Br concentration at the five peak/ridge locations was as high as 126.87 mg/kg (Table 3) . For the deeper soil, however, higher Br levels were mostly associated with depression microtopographic features. At the 8-cm depth, the average Br concentration at the five depressions and the five peaks/ridges were 287.34 mg/kg and 203.38 mg/kg, respectively (Table 3) . Thus, enhanced filtration and strong solute leaching at depressions of the rough soil surface tended to lower the tracer level in shallow soil and increase the Br level in deeper soil. It should be noted that the experiments covered the entire overland flow generation (and hence tracer transport) process, including the infiltration-dominated pre-ponding stage, the depression filling-merging-spilling post-ponding stage, and the steady-state stage. Due to technical difficulties, however, we could not obtain spatio-temporally distributed Br concentrations in soils (both dissolved and adsorbed).
Summary and Conclusions
Laboratory experiments were conducted to examine water flow (both overland and soil water) and the associated tracer (Br) transport under two different microtopographic conditions M a n u s c r i p t
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15 (smooth and rough). The instantaneous-profile laser scanner was utilized to acquire high resolution DEMs of the surfaces and the Windows-based puddle delineation software was used to quantify surface microtopography. This preliminary study demonstrated that surface microtopography had an important influence on the timing and location/spatial distribution of infiltration and runoff generation. We demonstrated that integration of topographical and hydrological analyses improved the understanding and prediction of infiltration and runoff generation processes, the microtopography-related threshold behaviors of overland flow and tracer transport, as well as the puddle-to-puddle filling, merging, and spilling dynamics. Specific conclusions from this laboratory-scale experimental study were:
1) The smooth surface appeared to have earlier and greater runoff and tracer discharges to the outlet than the rough surface. The major tracer loading peak of the smooth surface was about two times greater than that of the rough surface. Compared to the smooth surface, the cumulative surface runoff and tracer loading from the rough surface were reduced by 18%
and 37%, respectively. An increase in surface roughness or microtopography tended to reduce the tracer loading at the outlet and delayed the occurrence of tracer concentration peaks. Such differences in the magnitude and the timing of surface runoff and tracer loading between the two surfaces were attributed to their distinct surface microtopographic characteristics.
2) Overland flow and tracer transport on the rough soil surface with a variety of depressions exhibited a threshold behavior that was affected by surface microtopography. The threshold control resulted in a unique, multi-peak pattern related to the puddle-to-puddle overland flow and tracer transport.
Journal of Hydrologic Engineering. Submitted accepted October 18, 2012; posted ahead of print October 19, 2012 . doi:10.1061 /(ASCE)HE.1943 Copyright 2012 It should be noted that this is a preliminary experimental study with focus on examining the effects of surface microtopography on overland flow, unsaturated flow, and the related tracer transport under laboratory conditions (e.g., repacked soil, artificial soil surface topography, and simulated rainfall). In reality, complex field conditions (e.g., soil types, surface topography/roughness, and initial soil moisture), highly variable natural rainfall conditions, and many other factors may significantly influence the flow and transport processes. Thus, further studies should be conducted to address the combined effects of the aforementioned factors on flow and transport in surface and subsurface systems across various scales. 
